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Abstrat
A lear physial meaning of the Carruthers-Nieto symmetri quantum phase utuation parameter (U) has
been provided in Susskind Glogower and Barnett Pegg formalism of quantum phase and it is shown that the
redution of phase utuation parameter U with respet to its oherent state value orresponds to an antibunhed
state. Thus nonlassiality of a state may be manifested through the phase utuation parameters. As examples,
quantum phase utuations in dierent optial proesses, suh as four wave mixing, six wave mixing and seond
harmoni generation have been studied by using Carruthers-Nieto quantum phase utuation parameters. The
operators required for the alulation of quantum phase utuations are expressed in losed analytial forms
(up to seond order in oupling onstant). It is also found that the redution of phase utuations ompared
to their initial values are possible in all three ases whih means nonlassial (antibunhed) state exists in all
these ases.
PACS number(s): 0.230.Tb, 42.50.Dv
1 Introdution
The phase is almost omnipresent in physis. But the introdution of hermitian phase operators have some ambigu-
ities (interested readers an see the reviews [1 -3℄) whih lead to many dierent formalisms [4-6℄ of quantum phase
problem. Among these dierent formalisms, Susskind-Glogower (SG) [4℄ and Barnett-Pegg (BP) [5℄ formalisms
played most important role in the studies of phase properties and the phase utuations of various physial sys-
tems. For example, SG formalism has been used by Fan [7℄, Sanders [8℄, Yao [9℄, Gerry [10℄, Carruthers and Nieto
[11℄ and many others to study the phase properties and phase utuations. On the other hand Lynh [12-13℄,
Vaaro [14℄, Tsui [15℄, Pathak and Mandal [16℄ and others have used the BP formalism for the same purpose.
Commonly, standard deviation of an observable is onsidered to be the most natural measure of quantum
utuation [17℄ assoiated with that observable and the redution of quantum utuation below the oherent state
level orresponds to a nonlassial state. For example, an eletromagneti eld is said to be eletrially squeezed
eld if unertainties in the quadrature phase observable X redues below the oherent state level (i.e. (∆X)
2
< 12 )
and antibunhing is dened as a phenomenon in whih the utuations in photon number redues below the Poisson
level (i.e. (∆N)2 < 〈N〉) [18, 19℄. Standard deviations an also be ombined to form some omplex measures of
nonlassiality, whih may inrease with the inreasing nonlassiality. As an example, we an note that the
total noise of a quantum state whih, is a measure of the total utuations of the amplitude, inreases with the
inreasing nonlassiality in the system [17℄. Partiular parameters, whih are essentially ombination of standard
deviations of some funtion of quantum phase, were introdued by Carruthers and Nieto [11℄ as a measure of
quantum phase utuation. In reent past people have used Carruthers Nieto parameters to study quantum phase
utuations of oherent light interating with a nonlinear nonabsorbing medium of inversion symmetry [10,12,16℄.
But unfortunately any disussion regarding the physial meaning of these parameters are missing in the existing
literature [10-12, 16℄. Present study aims to provide a physial meaning to these parameters. Here it is shown that
the redution of the parameter U with respet to its oherent state value orresponds to an antibunhed state
and it an be used as a measure of depth of nonlassiality. The importane of a systemati study of quantum
phase utuation has inreased with reent observations of quantum phase utuations in quantum omputation
[20, 21℄ and superondutivity [15, 22, 23℄. These observations along with the fat that the physial meaning of
quantum phase utuation parameters are not lear have motivated us to study quantum phase utuation of pump
mode photons in four wave mixing proess, six wave mixing proess and in seond harmoni generation proess. In
next setion we briey introdue quantum phase utuations and attempt to provide a lear physial meaning to
U parameter. We have presented a seond order short time approximated operator solution of four wave mixing
proess in setion 3 and have used that to nd out analyti expression for quantum phase utuation parameters.
In setion 4 and 5 we have given expressions for quantum phase utuation parameters for six wave mixing proess
and seond harmoni generation respetively. Finally setion 6 is dediated to onlusions.
1
2 Measures of quantum phase utuations: Understanding their phys-
ial meaning
Dira [24℄ introdued the quantum phase operator with the assumption that the annihilation operator a an be
fatored out into a hermitian funtion f(N) of number operator N and an unitary operator U1, whih denes the
Hermitian phase operator as U1 = exp(iφ). In this formalism expliit expression for a is given by
a = exp(iφ)N
1
2
(1)
whih satises usual ommutation relation [a, a†] = 1 only if the ommutation relation
[N,φ] = i (2)
is satised. Again if (2) is true then the method of indution yield
[N,φn] = inφn−1 = i
d
dφ
φn. (3)
Therefore, for any polynomial funtion P (φ) of φ we have a ommutation relation
[N,P (φ)] = i
dP (φ)
dφ
. (4)
Immediately after Dira's introdutory work it was realised that the unertainty relation ∆N∆φ ≥ 12 assoiated
with (2) has many problems [1℄. For example we an note that it allows unertainty in φ to (i.e. ∆φ) to be greater
than 2pi for ∆N < 14pi . Later on Louisell [25℄ removed this problem by onsidering P (φ) present in (4) as a funtion
of period 2pi. Instead of bare phase operator he onsidered sine (S) and osine (C) operators whih satisfy
[N,C] = −iS
(5)
and
[N,S] = iC. (6)
Therefore, the unertainty relations assoiated with them are
∆N∆C ≥
1
2
|〈S〉| (7)
and
∆N∆S ≥
1
2
|〈C〉| . (8)
Susskind and Glogower [4℄ obtained the expliit form of S and C as
S =
1
2i
[
1
(N + 1)
1
2
a− a†
1
(N + 1)
1
2
]
(9)
and
C =
1
2
[
1
(N + 1)
1
2
a+ a†
1
(N + 1)
1
2
]
. (10)
Now it is easy to see that the operators C and S satises
[C, S] =
i
2
P 0 (11)
and
〈C2〉+ 〈S2〉 = 1−
1
2
〈P 0〉 (12)
where P 0 = |0〉〈0| is the projetion onto the ground state. Squaring and adding (7) and (8) we obtain
(∆N)2
[
(∆S)2 + (∆C)2
] /[
< S >2 + < C >2
]
≥
1
4
(13)
2
Carruthers and Nieto [11℄ introdued (13) as measure of quantum phase utuation and named it as U parameter.
They had also introdued two more parameters S and Q for the purpose of alulation of the phase utuations.
To be preise Carruthers and Nieto dened following parameters as a measure of phase utuation:
U
(
θ, t, |α|2
)
= (∆N)2
[
(∆S)2 + (∆C)2
] /[
〈S〉2 + 〈C〉2
]
(14)
S
(
θ, t, |α|2
)
= (∆N)2(∆S)2 (15)
and
Q
(
θ, t, |α|2
)
= S
(
θ, t, |α|2
) /
〈C〉2 (16)
where, θ is the phase of the input oherent state |α〉(where, a|α〉 = α|α〉 = |α| exp(iθ)|α〉), t is the interation time
and |α|2 is the mean number of photon prior to the interation. Later on these parameters draw more attention
and many groups [10, 12, 16℄ have used these parameters as a measure of quantum phase utuation. Now one an,
in priniple, alulate the above parameters analytially by using an expression of time evolution of annihilation
operator for a partiular mode and it is already done in earlier works [10, 12, 16℄. But the physial meanings of
these parameters are not disussed till now. In order to obtain a physial meaning of these parameters we would
like to assoiate phase utuation with total noise. The total noise of a quantum state is a measure of the total
utuations of the amplitude. For a single mode quantum state having density matrix ρ it is dened as [17℄
T (ρ) = (∆X)2 + (∆X˙)2 . (17)
In analogy to it we an dene the total phase utuation as
T = (∆S)2 + (∆C)2 (18)
Now using the relations (7), (8), (12), (13) and (18) we obtain:
(∆N)
2
(∆S)
2
+ (∆N)
2
(∆C)
2
≥
1
4
(
〈S〉2 + 〈C〉2
)
=
1
4
(
〈S2〉+ 〈C2〉 −
(
(∆S)
2
+ (∆C)
2
))
or,
1
4
(
1−
1
2
〈P 0〉 −
(
(∆S)
2
+ (∆C)
2
))
≤
(
(∆S)
2
+ (∆C)
2
)
(∆N)
2
or,
U =
(
(∆S)2 + (∆C)2
)
(∆N)2(
1− 12 〈P
0〉 −
(
(∆S)
2
+ (∆C)
2
)) = T (∆N)2(
1− 12 〈P
0〉 − T
) ≥ 1
4
. (19)
Sine [C, S] = i2P
0
, therefore,
(∆C)2(∆S)2 ≥
(
〈P 0〉
)2
16
. (20)
Now we an write
T = (∆C)2 + (∆S)2 ≥ (∆C)2 +
〈P 0〉2
16(∆C)2
.
The funtion T = (∆C)2 + 〈P
0〉2
16(∆C)2 has a lear minima at (∆C)
2 = 〈P
0〉
4 , whih orresponds to a oherent state
and thus the total utuation in quantum phase variables
(
(∆C)2 + (∆S)2
)
an not be redued below its oherent
state value
〈P 0〉
2 . Now sine (∆N)
2
is positive and the U = T (∆N)
2
(1− 12 〈P 0〉−T)
= b(∆N)2 ≥ 14 , therefore b =
T
(1− 12 〈P 0〉−T)
is positive. Again a =
(
1− 〈P
0〉
2
)
≥ 12 sine the projetion on to the ground state 〈P
0〉 = 〈|0〉〈0|〉 ≤ 1. Thus the
funtion b is of the form, b = Ta−T where both a and b are positive. Under these onditions b inreases monotonially
with the inrease in T . Thus the minima of T orresponds to the minima of b too and onsequently, b is minimum
for oherent state. In other words b an not be redued below its oherent state value. Therefore any redution in
U = b(∆N)2 with respet to its oherent state value will mean a derease in (∆N)2 with respet to its oherent
state ounter part. Thus in SG formalism a deease in U will always mean an antibunhing or sub-Poissonian
photon statistis. But the onverse is not true.
3
Let us see what happens in the other formalisms of the quantum phase problem. In ase of Pegg Barnett
formalism [6℄, this notion of phase utuation is not valid sine in this formalism (∆C)2 = (∆S)2 = 0 for s → ∞
, where s is dimension of the trunated Hilbert spae in whih the Pegg Barnett Sine and Cosine operators are
dened. But it an be shown that the BP formalism leads to same onlusion as in SG. To begin with we would
like to note that the sine and osine operators disussed so far have originated due to a resaling of the photon
annihilation and reation operators with the photon number operator. Another onvenient way is to resale an
appropriate quadrature operator with the averaged photon number [3℄. Barnett and Pegg did that and dened the
exponential of phase operator E and its hermitian onjugate E† as [5℄
E =
(
N + 12
)−1/2
a(t)
E† =
(
N + 12
)−1/2
a†(t)
(21)
where N is the average number of photons present in the radiation eld after interation. The usual osine and
sine of the phase operator are dened in the following way
C = 12
(
E + E†
)
S = − i2
(
E − E†
)
.
(22)
And this operators satisfy following relations,
〈C2〉+ 〈S2〉 = 1 (23)
and
[C, S] =
i
2
(
N +
1
2
)− 1
2
. (24)
Therefore,
(∆C)2(∆S)2 ≥
1
16
1(
N + 12
) . (25)
Now using the equations (23-25) and following the similar reasoning as we have used in Susskind Glogower formalism
it is straight forward to show the following:
1. T has a minimum at (∆C)2 = 14
(
N + 12
)− 1
2
, whih orresponds to a oherent state and thus the total
utuation in quantum phase variables T =
(
(∆C)2 + (∆S)2
)
an not be redued below its oherent state
value
1
2
(
N + 12
)− 1
2
.
2. In BP formalism U = T (∆N)
2
(1−T ) and as both U and (∆N)
2
are positive so b = T(1−T ) has to be positive and
as a result b will monotonially inreases with T. Consequently redution in U ompared with its value for
a oherent state of the same photon number will imply sub-Poissonian photon statistis (antibunhing) but
not the vie versa.
From the above disussion it is lear that the physial meaning of U is same in both BP and SG formalism and a
redution in U with respet to its oherent state value implies antibunhing. In next few setions we have veried
our onlusions with spei examples. The examples are studied under BP formalism beause of the inherent
omputational simpliity of these formalism over the others.
3 Time evolution of useful operators and phase utuation in four wave
mixing proess.
The purpose of the present setion is to alulate the phase utuations of pump mode photons in a four wave
mixing proess. We assume that initially, there is no photon in signal mode and stokes mode and a oherent light
beam (laser) ats as pump whih auses exitation followed by emissions. Thus our initial state is |α > |0 > |0 > .
In the following subsetion we have derived analyti expressions of useful operators onneted to the four wave
mixing proess and have taken all the expetation values with respet to the initial state |α > |0 > |0 > .
4
3.1 Four wave mixing proess
Four wave mixing may happen in dierent ways. One way is that two photon of frequeny ω1 are absorbed (as pump
photon) and one photon of frequeny ω2 and another of frequeny ω3 are emitted. The Hamiltonian representing
this partiular four wave mixing proess is
H = a†aω1 + b
†bω2 + c
†cω3 + g(a
†2bc + a2b†c†) (26)
where a and a† are reation and annihilation operators in pump mode whih satisfy [a, a†]=1, similarly b, b† and
c, c† are reation and annihilation operators in stokes mode and signal mode respetively and g is the oupling
onstant. Substituting A = a eiω1t, B = b eiω2t and C = c eiω3t we an write the Hamiltonian (26) as
H = A†Aω1 +B
†Bω2 + C
†Cω3 + g(A
†2BC + A2B†C†). (27)
Sine we know the Hamiltonian we an use Heisenberg's equation of motion
A˙ =
∂A
∂t
+ i[H,A] (28)
and short time approximation to nd out the time evolution of the annihilation operator. From (27) and (28) we
obtain
A˙ = iAω1 − iAω1 − i2gA
†BC = −2igA†BC. (29)
Similarly,
B˙ = −igA2C† (30)
and
C˙ = −igA2B†. (31)
We an nd the seond order dierential of A using (28) as
A¨ =
∂A˙
∂t
+ i[H, A˙] = 4g2AB†BC†C − 2g2A†A2B†B − 2g2A†A2C†C − 2g2A†A2 (32)
Substituting (29) and (32) in the Taylor's series expansion
f(t) = f(0) + t
(
∂f(t)
∂t
)
t=0
+
t2
2!
(
∂2f(t)
∂t2
)
t=0
...... (33)
we obtain
A(t) = A− 2igtA†BC +
g2t2
2!
[4AB†BC†C − 2A†A2B†B − 2A†A2C†C − 2A†A2]. (34)
The Taylor series is valid when t is small, so this solution is valid for a short time and that's why it is alled
short time approximation. The above alulation is shown in detail as an example. Following the same proedure,
we an nd out time evolution of B and C or any other reation and annihilation operator that appears in the
Hamiltonian of matter eld interation. This is a very strong tehnique sine this straight forward presription is
valid for any optial proess where interation time is short.
Now, from equation (34) we an easily derive expression for N(t) as
N(t) = A†A+ 2igt
(
A2B†C† −A†2BC
)
+ 4g2t2
(
2A†AB†BC†C +B†BC†C
)
− 2g2t2
(
A†2A2B†B +A†2A2C†C +A†2A2
)
.
(35)
The equation (35) an be used to obtain
N = 〈N〉 = |α|2 − 2g2t2|α|4. (36)
Now taking the square of 〈N〉, one an easily nd
〈N〉2 = |α|4 − 4g2t2|α|6. (37)
On the other hand using (35) and operator ordering tehniques we an show that
〈N2(t)〉 = |α|2 − |α|4 − g2t2
[
4|α|6 + 8|α|4
]
. (38)
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Using (37) and (38) we an write
(∆N)2 = |α|2 − 8g2t2|α|4. (39)
As we have already disussed in the introdution, the redution of photon number utuation below its oherent
state value (Poisson level) orresponds to an antibunhed state. So the ondition for the existene of antibunhing
an be expressed as
d = (∆N)2 − N¯ < 0. (40)
From (36) and (39) it is lear that
d = −6g2t2|α|4 (41)
is always negative and we always obtain an antibunhed state. Now let us hek whether this antibunhing
phenomenon really auses redution of U or not. In order to do so we substitute (34) in (22) and obtain
C = 12
(
N + 12
)− 1
2
[
A+A† − 2igtA†BC + 2igtAB†C† + g2t2
{
2AB†BC†C + 2A†B†BC†C
− A†A2C†C −A†2AC†C −A†A2B†B −A†2AB†B −A†A2 −A†2A
}]
(42)
and
S = − i2
(
N + 12
)− 1
2
[
A−A† − 2igtA†BC − 2igtAB†C† + g2t2
{
2AB†BC†C − 2A†B†BC†C
− A†A2C†C +A†2AC†C − A†A2B†B +A†2AB†B −A†A2 +A†2A
}]
.
(43)
Using (42) and (43) the expetation values of the operators C and S an be obtained as
〈C〉 =
1
2
[(
N +
1
2
)− 1
2 {(
α− α|α|2g2t2
)
+
(
α∗ − α∗|α|2g2t2
)}]
(44)
and
〈S〉 = −
i
2
[(
N +
1
2
)− 1
2 {(
α− α|α|2g2t2
)
−
(
α∗ − α∗|α|2g2t2
)}]
(45)
Again, the square of the averages are
〈C〉2 = 14
(
N + 12
)−1 [
α2 + α∗2 + 2|α|2 − g2t2
{
2α2|α|2 + 2α∗2|α|2 + 4|α|4
}]
(46)
and
〈S〉2 = − 14
(
N + 12
)−1 [
α2 + α∗2 − 2|α|2 − g2t2
{
2α2|α|2 + 2α∗2|α|2 − 4|α|4
}]
. (47)
Squaring C and S and taking expetation value with respet to initial state, we have
〈C2〉 = 14
(
N + 12
)−1 [
α2 + α∗2 + 2|α|2 + 1− g2t2
{
α2 + α∗2
+ 2α∗2|α|2 + 2α2|α|2 + 4|α|4 + 4|α|2
}]
(48)
〈S2〉 = − 14
(
N + 12
)−1 [
α2 + α∗2 − 2|α|2 − 1− g2t2
{
α2 + α∗2
+ 2α∗2|α|2 + 2α2|α|2 − 4|α|4 − 4|α|2
}]
(49)
Using equations (46-49) the seond order varianes ((∆C)2 and (∆S)2) of C and S an be alulated as
(∆C)2 =
1
4
(
N +
1
2
)−1 [
1− g2t2
{
α2 + α∗2 + 4|α|2
}]
(50)
and
(∆S)2 = −
1
4
(
N +
1
2
)−1 [
−1− g2t2
{
α2 + α∗2 − 4|α|2
}]
. (51)
Interestingly, N depends on the oupling onstant g and on the free evolution time t. Now the equations (14-16)
assume the following forms,
U
(
θ, t, |α|2
)
=
1
2
{
1− 12g2t2|α|2
1− 2g2t2|α|2
}
, (52)
6
S
(
θ, t, |α|2
)
= 14
(
N + 12
)−1 [
|α|2 + g2t2
{
α2|α|2 + α∗2|α|2 − 12|α|4
}]
= 14
(
|α|2 − 2g2t2|α|4 + 12
)−1 [
|α|2 + 2|α|4g2t2 {cos 2θ − 6}
] (53)
and
Q(θ, t, |α|2) =
|α|2+g2t2{α2|α|2+α∗2|α|2−12|α|4}
α2+α∗2+2|α|2−2g2t2{α2|α|2+α∗2|α|2+2|α|4}
= 1+2|α|
2g2t2{cos 2θ−6}
2(cos 2θ+1)(1−2|α|2g2t2)
(54)
Hene the equations (52-54) are our desired results. In the derivation of the equation (54), we have assumed
|α|2 6= 0. Now, U0 =
1
2 , S0 =
1
4 |α|
2
(
|α|2 + 12
)−1
and Q0 =
1
2cos2θ are the initial (i.e λ = 0) values of U, S and
Q respetively. Thus U0, S0 and Q0 signify the information about the phase of the input oherent light. As we
have already disussed, any redution of U will orrespond to antibunhing of photon. Now the negativity of (41)
manifests the existene of antibunhing. It is also lear from (41) that the depth of antibunhing (up to seond
order in oupling onstant) dereases monotonially with the inrease in initial photon number|α|2. These fats
are manifested in (52) whih dereases monotonially with respet to its oherent state value. The suitable hoie
of t and θ may also ause the enhanement and redution of S and Q parameters ompared to their initial values.
It is to be noted that the parameters U, S and Q ontain the seular terms proportional to t. However, it is not
a serious problem sine the produt g2t2 is small. The equations (52-54) are good enough to have the avor of
analytial results.
4 Six wave mixing proess
Similar to four wave mixing proess six wave mixing proess may also happen in dierent ways. One way is one in
whih two photon of frequeny ω1 are absorbed (as pump photon) and three photon of frequeny ω2 and another
of frequeny ω3 are emitted. The Hamiltonian representing this partiular six wave mixing proess is
H = A†Aω1 +B
†Bω2 + C
†Cω3 + g(A
†2B3C + A2B†3C†). (55)
By following the tehnique elaborated in the last setion we an obtain the solution of (55) as
A(t) = A− 2igtA†B3C
+ g2t2
[
2AB†3B3C†C − 9A†A2B†2B2C†C − 18A†A2B†BC†C
− A†A2B†3B3 − 9A†A2B†2B2 − 18A†A2B†B − 6A†A2C†C − 6A†A2
]
.
(56)
Now from equation (56) we obtain
N =< N >= |α|2 − 12g2t2|α|4 (57)
and
d = −12g2t2|α|4 (58)
is always negative. This fat indiates the presene of antibunhing. By using (55) and (56) we an write the
Carruthers Nieto quantum phase utuation parameters as
U
(
θ, t, |α|2
)
=
1
2
{
1− 72g2t2|α|2
1− 12g2t2|α|2
}
, (59)
S
(
θ, t, |α|2
)
= 14
(
N + 12
)−1 [
|α|2 + 6g2t2
{
α2|α|2 + α∗2|α|2 − 12|α|4
}]
= 14
(
|α|2 − 12g2t2|α|4 + 12
)−1 [
|α|2 + 12|α|4g2t2 {cos 2θ − 6}
] (60)
and
Q(θ, t, |α|2) =
|α|2+6g2t2{α2|α|2+α∗2|α|2−12|α|4}
α2+α∗2+2|α|2−12g2t2{α2|α|2+α∗2|α|2+2|α|4}
= 1+12|α|
2g2t2{cos 2θ−6}
2(cos 2θ+1)(1−12|α|2g2t2)
(61)
From (59) it is lear that with the inrease initial photon number, U redues monotonially from its oherent
state value indiating the existene of antibunhing. As it is appears from (58) and (59), if the photon number
distribution is more nonlassial (i.e. degree of antibunhing is more) then U is less.
7
5 Seond harmoni generation
Seond harmoni generation is a proess in whih two photon of frequeny ω are absorbed and a photon of frequeny
2ω is emitted. The Hamiltonian desribing this proess is
H = ~ωN1 + 2~ωN2 + hg
(
a
†
2a
2
1 + a
†2
1 a2
)
. (62)
Now following the same proedure as we have done in setion 3 we an obtian
A(t) = a1 − 2igta
†
1a2 + 2g
2t2
(
a
†
2a2a1 −
1
2
a
†
1a
2
1
)
(63)
and
N =< N >= |α|2 − 2g2t2|α|4. (64)
This optial proess shows antibunhing sine from (63) and (40) we obtain
d = −2g2t2|α|4. (65)
The fat that the existene of antibunhing appears through the redution of quantum phase utuation parameter
U will be lear from the following expression
U
(
θ, t, |α|2
)
=
1
2
{
1− 4g2t2|α|2
1− 2g2t2|α|2
}
. (66)
The other phase utuation parameters are
S
(
θ, t, |α|2
)
= 14
(
N + 12
)−1 [
|α|2 + g2t2
{
α2|α|2 + α∗2|α|2 − 4|α|4
}]
= 14
(
|α|2 − 2g2t2|α|4 + 12
)−1 [
|α|2 + 2|α|4g2t2 {cos 2θ − 2}
] (67)
and
Q(θ, t, |α|2) =
|α|2+g2t2{α2|α|2+α∗2|α|2−4|α|4}
α2+α∗2+2|α|2−2g2t2{α2|α|2+α∗2|α|2+2|α|4}
= 1+2|α|
2g2t2{cos 2θ−2}
2(cos 2θ+1)(1−2|α|2g2t2) .
(68)
6 Conlusion:
The physial meaning of the Carruthers-Nieto symmetri quantum phase utuation parameter (U) has been
obtained in Susskind Glogower and Barnett Pegg formalism of quantum phase and it is shown that the redution
of phase utuation parameter U with respet to its oherent state value orresponds to an antibunhed (sub-
Possonian) state. The idea is also veried by analytial study of quantum phase utuations in three dierent
optial proesses, suh as four wave mixing, six wave mixing and seond harmoni generation. The study shows
that the redution of phase utuations ompared to their initial values are possible in all these ases. It is also
shown that the symmetri produt in unertainty U is independent of θ in all three ases. This is in sharp ontrast
to earlier work of Pathak and Mandal [16℄. In general S and Q an be tuned by turning the input phase θ but
interestingly Q an be tuned even for a vauum eld (when |α|2 = 0) while S = 0 for suh a situation. U is found
to redue monotonially with initial photon number |α|2. The rate of redution is maximum in six wave mixing
proess. The amount of redution in U is diretly related to the nonlassial depth of antibunhing and U an be
onsidered as an indiret measure of amount of antibunhing or the depth of nonlassiality. A huge redution of U
is possible with the inrease of the initial photon number |α|2. However, are should be taken about the ondition
of the solution during suh inrease.
In the earlier works [10, 12℄, U was enhaned ompared to its initial values as |α|2 inreases. In the works of
Pathak and Mandal [16℄, it was reported that U may be redued from its oherent state value but neither the
physial meaning of this redution nor its relation with the antibuning was explored. Hene, the present results
are in sharp ontrast with the earlier studies [10,12,℄ and also provide a lear meaning to earlier work of Pathak
and Mandal [16℄.
A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